We demonstrated that the three-dimensional (3-D) locatiod and morphological differences of chromosome 17 are dependent on each cell cycle phase in the clinical materials. Cell suspensions prepared from hypertrophied tonsil were hybridized with chromosome 17 whole painting probe or its centromeric probe and the probes were detected with fluorescein isothiocyanate. Then the cells were sorted from Go+i, S-, and Gz+~-phase fractions by flow cytometry and observed by c o n f d laser scanning microscopy to obtain the serial optical sections. The 3-D images were obtained by assembling these sections using a computerized image analysis device. The distribution of centromeric copies was analyzed statistically, and the data values were not a population
Introduction
Fluorescence in situ hybridization (FISH) allows the visualization of specific DNA sequences of chromosomes in interphase nuclei (Matsuta et al., 1993; Bradl et al., 1992; Gray et al., 1991) . Application of confocal laser scanning microscopy (CLSM) on FISH samples provides serial optical sections of those in a horizontal direction against glass slides without preparation of tissue sections, which enabled the study of spatial arrangements of the sequences. Furthermore, three-dimensional (3-D) images were obtained by assembling these optical sections using an image analysis device. Using a CLSM and two image analysis devices, we demonstrated that the centromere of chromosome 6 was localized close to the nuclear membranes in interphase nuclei and amplified the HER-Z/neu (c-erb B 2) oncogene spread sparsely or in a dendrometric shape throughout the nuclei (Matsuta et al., 1993) . It was also suggested that the relative positions of the lq12 regions of chromosome 1 to each other in optical sections of isolated nuclei of unstimulated diploid hu-of random distribution within a sphere. The copies were observed in the periphery of the nuclei in Go+p and S-phase. The3-D h a g e s d e d t h a t duomosome 17 w a s d inshape in the Go+l-phase nucleus, and was changing into a flame shape in the Sphase, with arms stretching out along the nuclear membrane, and looked bush shaped in &-phase.
The eccentric distribution of chromosome 17 in G+land S-phase nuclei may reflect the optimal a i c i e n q of incorporating and/or releasing essential materials and products. (J Histochem Cyrochem a:1337-1343, 19%) KEY WORDS: Chromosome; Fluorescence in situ hybridization; Confocal laser scanning microscopy; Image analysis; Tonsil; Human. man lymphocytes could not be distinguished from a random distribution pattern (van Dekken et al., 1990a) .
However, FISH studies have examined the location of chromosomes in cell cycle phase with only centromeric probes, as mentioned above. Although the quantification and/or cell cycle analysis of FISH samples via flow cytometry has been reported (Kwak et al., 1994; Kimura et al., 1992; Trask et al., 1985 Trask et al., ,1988 , there have been very few studies reporting flow analysis of FISH with chromosome-specific DNA probes in clinical materials (Kwak et al.. 1994) . We therefore hybridized non-neoplastic cells with chromosome-specific DNA probes, sorted nuclei of each cell cycle phase by flow cytometry, observed the nuclei using a CUM, and finally reconstructed 3-D images using a computerized image analysis device. Because FISH studies have shed almost no light on the organization of chromosomes in each cell cycle phase, our interest in this study was the 3-D organization of chromosomes in interphase nuclei, which may change with the cell cycle.
MATSUTA, MATSUTA, HAYASHI, YASUMI, SASAKI, KURODA, NISHWA men of tonsil (histologically hypertrophied) was minced with scissors and filtered through a 40-pm nylon mesh (Rikouki Kougyou; Tokyo, Japan). The suspended cells were fixed in 95% ethanol for 30 min at 4°C and subsequently in 4% paraformaldehyde-PBS, pH 7.2, for 30 min at 4'C. Then the cells were washed in PBS, cenuhged at 1200 x g for 5 min. resuspended, and digested in 0.1% pepsin (Boehringer Mannheim; Indianapolis, IN)-HCI (pH 1.5) for 2 min at 37'C. After the digestion, cells were neutralized in borax-borate buffer, pH 9.0 (a mixture of 0.05 M borax and 0.2 M boric acid) for 5 min. washed in PBS three times, and centrifuged. Cells lost their cytoplasm through these procedures. The tonsil showed the normal karyotype of 46,XY after a short culture time (72 hr). All chemicals were purchased from Sigma Chemical (St Louis, MO) unless otherwise specified.
FISH Procedures
FISH with Centromeric Probe of Chromosome 17. Twenty pl of the tonsil cell pellet was mixed in 70 pl of 55% formamide (International Biotechnologies; New Haven, CT)-10% dextran sulfate-2 x SSC (1 x SSC is 0.15 M NaCI-0.015 M sodium citrate, pH 7.0), 5 pI of a biotinized centromeric probe of chromosome 17 (Oncor; Gaithenburg, MD), and 5 pl of sonicated salmon sperm DNA (10 mg/ml; Sigma). The mixture of cells and the probe was denatured at 74'C for 20 min and hybridized at 37'C overnight. Postwash was done twice in 50% formamide-2 x SSC at 45°C once in 2 x SSC at 45°C. and finally once in 01. x SSC at 45°C.
FISH with a Chromosome 17 Whole Painting Probe. Forty pl of the tonsil cell pellet was mixed in 140 p1 of 55% formamide-10% dextran sulfate-2 x SSC and 10 pl of distilled water. The mixture was denatured at 74'C for 20 min, cooled on ice. centrifuged at 1200 x g for 5 min. and the cell pellet was placed on ice. The digoxigenin-labeled chromosome 17 whole painting probe (Coatasome; Oncor, supplied in 65% formamide solution with blocking DNA) was denatured at 74°C for 20 min and preincubated for 2.5 hr at 37°C. After the preincubation, 20 pl ofthe denatured and centrifuged cell pellet was mixed in 200 pl of the probe solution and hybridized at 37°C overnight. Postwash was done twice in 50% fomamide-2 x SSC at 45"C, once in 2 x SSC at 45°C and finally once in 0.1 x SSC at 60'C.
Detection of Hybridized DNA Probes
The cells hybridized with a centromeric probe were resuspended in 0.01% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-l-propanesulfonate) (Pierce; Rockford, IL)-2 x SSC and incubated in Extravidin-fluorescein isothiocyanate (FITC) (1:SO) (Biomakor; Kehovot, Israel) at room temperature (RT) for 60 min, in biotinized anti-avidin (1:lOO) (Vector Laboratories; Burlingame, CA) at RT for 30 min, and finally in Extravidin-FITC at RT for 30 min again.
The cells hybridized with a whole painting probe were also resuspended in 0.01% CHAPS-2 x SSC and incubated in FIE-conjugated sheep antidigoxigenin antibody (1:lO) (Boehringer) for 60 min at RT and then with rabbit FITC-anti-sheep IgG antibody (1:lOO) (E-Y Laboratories; San Mateo, CA) for 30 min at RT. Each step was followed by centrifuging at 1200 x g for 5 min and three washes in 0.01% CHAPS-2 x SSC. Nuclei were counterstained with propidium iodide (PI; 5 pglml) (Calbiochem-Behring; La Jolla. CA).
Cell Sorting by Flow Cytometry
After detection of hybridized DNA probes, the cells were measured and sorted by a Facstar type flow cytometer (Becton-Dickinson; Sunnyvale, CA) with Lysis I1 software (Version 1.0; Becton-Dickinson). Cells at Go+i-, S-, and G2,wphases were sorted into Antifade in glycerol [lo0 mgp-phenylene diamine dihydrochloride (Sigma) in 10 ml PBS, pH 8, was dissolved in 90 ml of glycerol] on glass slides, covered with a coverglass, and imme-diately observed by CLSM. More than 2000 events were sorted in each fraction. The histogram and sorted fraction are shown in Figure 1 . Go+l-phase cells were sorted from the fraction of peak channel 197. Standard deviation (SD) was 6.77 and the coefficient of variation (CV) was 3.45. S-phase cells were sorted from the fraction of peak channel 289; SD was 2.85. G~+ Mphase cells were sorted from the fraction of peak channel 395; SD was 8.95.
Confocal Laser Scanning Microscopic Observation
Two-channel scanning using an LSM-GB 200 type CLSM (Olympus; Tokyo, Japan) with an argon laser light source was carried out at 488 and 514.5 nm wavelengths. Confocal planes were obtained in the X-Y-2 direction, and the sample stage had stepwise positive or negative movements of 0.3 or 0.5 pm to obtain serial optical sections. Twenty nuclei were scanned for each cell cycle. The 3-D confocal data sets were also saved in microvoxel style in two channels: channel 1 was hybridized FITC and channel 2 was PI.
Three-dimensional Image Analysis
Analysis of the cells was performed on an IBM PS/V type personal computer (IBM Corporation; Armonk, NY) with MicroVoxel (Version 2.2; Indec System, Capitola, CA). This program was designed for determination of positions of spots in 3-D confocal data sets. The 3-D data sets of nuclei hybridized with the chromosome 17-specific centromeric probe were resized and saved as image files for each channel. Then the files were normalized and finally assembled into one image. Figure window displays a transverse view (X-Y) of the 3-D confocal data sets: the upper right (sagittal view; 2-Y) and lower (coronal view; X-2) views display two sides of the transverse view. The geometric center of the nucleus was determined on the curved sections. The number of optical sections from the bottom is displayed under the transverse view by moving the 3-D bar (displayed in all views) from the top to bottom of the transverse view, and the user can identlfy how many sections were used for an assemblage and which section is the center. Because the coordinates of the coronal and sagittal views are also displayed under each view, the user can measure the diameters of the assembled image at the sagittal and coronal directions by moving the 3-D bar from the top to bottom in the coronal view and from left to right in the sagittal view. Then the center was three-dimensionally determined in the central transverse section according to the coordinates.
The position of the centromeres and the geometric center of the nuclei could be accurately indicated by the user by moving the 3-D cursor to the X-Y position in the transverse views, and the 2 position in the side views. The distances were determined according to the X, Y, and 2 coordinates in each nucleus and were displayed on the computer screen in Lm. The dimensions of the nuclei were also determined using the 3-D cursor.
The distances of the hybridization domains from the geometric center and those from the nuclear membrane along radial lines to the center of the nucleus were measured. The distances between the domains and membrane were measured from the center of the domains to the outer line of the membrane. The distances expressed in pm were displayed on the computer screen. The distances from the nuclear center were normalized to a nuclear radius of 1.0.
StatisticaZ AnalysiJ
Statistical analysis was performed on the 3-D datasets of nuclei hybridized with the centromeric probe, as described above, with the SAS software (SAS/STAT User's Guide, 1992). The Komogorov-Smirnov one-and two-sample tests were used to test for significant differences against a random distribution and between the distribution of the signals in the different nuclei. Deviations were considered to be significantly different atp<0.05.
Three-AmensionaZ Image Reconstruction as an Animation
MicroVoxel software was also applied for animating 3-D reconstructed images using the serial optical sections of nuclei hybridized with the whole painting probe and the centromeric probe of chromosome 17. Several top and bottom sections without F I E signals were omitted to observe the intranuclear domains.
Segmentation was done by changing the gray scale range (0-255). In channel 1 (hybridized F I E signal), the threshold value was determined to temove the FIX background in nuclei. In channel 2 (PI-stained nuclei), it was done to obtain a continuous nuclear membrane image by changing the threshold value, e.g., minimum 33 and maximum 106 on the gray scale. The hybridized copies are shown in yellow and the nuclear membranes in red in the reconstructed images. Reconstructed 3-D images were observed by rotating in the X-Y, X-2, and Y-2 directions.
Results

FZow Cytometric Analysis and Sorting of CeZZs
The position within the cell cycle was determined on the basis of the DNA content by flow cytometry. The histogram of PI-stained cells after hybridization and sorted window is shown in Figure 1 . The coefficient of variation (CV) of the sorted window was 3.45 in the Go+ 1 fraction. Sorted nuclei kept their ordinary contour under a conventional fluorescent microscope. The shape of a reconstructed nucleus is a sphere with a slightly flattened bottom (Figure 2, side views ).
Distance f r o m the Geometric Center to the Centromeres of Chromosome 17 and Between the NucZear Membrane and the Centromeres
Distances from the geometric center to the centromeres of chromosome 17 are shown i n Figure 3 . Statistical analysis showed that the data values were not a random distribution in each phase fraction (Kolmogorov-Smirnov one-sample test). It was revealed that the distance from the center to the centromeres was greater than 0.9 length units for 40.0% of Go+i-phase centromeres and 35.0% of S-phase centromeres.
The average length units were 0.817 in Go+l-phase, 0.666 in S-phase, and 0.534 in G z +~-p h a s e .
The significances of the Komogorov-Smirnov two sample test values were p=0.0006 between the data of Go+l-phase and of G~+ M , andp=0 .0149 between the data of S-phase and Gz+M. The deviations were considered to be significantly different. However, between the data of Go+l-phase and S-phasep=0.4005.
Average distances between the nuclear membrane and the centromeres were 1.71 pm in Go+l-phase, 3.19 p m in S-phase, and 5.51 pm in G z +~-p h a s e . m U U , MA'I'SUTA, HAYASHI, YASUMI, SASAKI, KURODA, NISHIYA nuclei, although the pairs were greatly separated in the planes. The copies were distributed three-dimensionally somewhat sparsely. Although the short and long arms of the chromosome were still distributed along the nuclear membrane, their shape had become solid (Figures 5c and 5d) .
Gz+M-phase. Copies located far from nuclear membranes were often not able to be identified as separate entities, and some of them were located in the center of the nuclei. The chromosome came together in almost one block and looked like a bush (Figures  5e and 5f ). 0.9 0.9-0.8 -0.8-0.7 .0.7-0.6 '0.6-0.5 '0.5-0.4 '0.4-0.3 '0.3-0.2 '0.2-0.1 '0.1-0 
Discussion
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Observation of Sorted NucZei by CLSM and Three-dimensionaZ Image Reconstruction as an Animation
Since several top and bottom sections without F I X signals were omitted to observe the intranuclear domains, the side views of the 3-D images might be like a cylinder.
Cells Hybridized with a Centromeric Probe of Chromosome 17. The signals were easily recognized as chromosome 17-specific, although minor binding sites were observed.
Go, i-phuse. The copies were observed in the periphery of the nuclei and three-dimensionally close to a nuclear membrane ( Figures  4a and 4b) .
S-phase. The copies were also located close to the nuclear membrane in sections, although there was a distance between them threedimensionally (Figures 4c and 4d) .
Gz+M-phase. Many copies were distributed in the center of nuclei; however, a few of them were still distributed eccentrically in the nuclei (Figures 4e and 4f ).
Tonsil Cells Hybridized with a Chromosome 17 Whole Painting Probe.
Go+ I-phase. In the optical planes, the copies of whole chromosome 17 displayed an eccentric distribution in the nuclei, and the two copies were often close to each other (Figure 5a) .
The three-dimensional images revealed that the copies were oval and flat, were distributed eccentrically, and came in contact with the nuclear membranes in some nuclei. It should be noted that the short and long arms of the chromosome were distributed along the nuclear membrane (Figure 5b) . planes (a,c,e) and reconstructed 3-D images as an animation using a computerized image analytical device (b,d,f) of nucleus (nuclei) from tonsil tissue, hybridized with a chromosome 17 whole painting probe. (a,b) Nuclei sorted from Go+l-phase fraction. (c,d) Nuclei sorted from Sphase fraction. (e,f) Nuclei sorted from Gn,M-phase fraction. The probe was detected with FlTC and counterstained with PI. The copies are expressed in green and the nuclear margin is shown by red lines (b,d,f) . Several sections of top and bottom without FlTC signals were omitted to observe the intranuclear domains. a,c,e, objective lens x 60. Zoom x 2. Bars = 10 pm. d puterized image analysis device. We also expected that the chromosome 17 whole painting probe would display the 3-D shapes of chromosome 17 in normal cells. We used a centromeric probe of the same chromosome to observe the locations of centromeres, because it was easy to assign a precise position of its small signals in nuclei and to analyze the differences in the distribution among cell cycles and/or in a random pattern. We did not expect chromosome 17 to be essential in the analysis of chromosomal locations in interphase nuclei.
One of the problems of observing FISH samples by CUM was the difficulty of keeping the shapes of nuclei round or oval. Since in touch preparations the nuclei became mound-shape, samples with less morphological artefact were requested (Matsuta et al., 1993; Bradl et al., 1992) . We collected the flaw-sorted nuclei into Antifade mixed in glycerol. The hyperviscosity of glycerol helped to keep the flow-sorted nuclei round or oval on glass slides. Minor binding sites were observed in some nuclei hybridized with the centromeric probe; however, it was easy to idenufy the copies of chromosome 17. Another less difficult problem is preserving nuclear morphology after measuring and sorting by flow cytometry. Use of 4% paraformaldehyde after alcohol fixation and denaturation in 50% formamide solution at 74°C preserved a good contour of sorted nuclei under a conventional fluorescent microscope (Kwak et al., 1994; Kimura et al., 1992) .
We observed the nuclei hybridized with the centromeric probe of chromosome 17. Highly repetitive sequences in @eri)centromeric regions of each chromosome would not be expected to be genetically active. However, an a-satellite probe specific for chromosome 17 whose target is in the pericentromeric region allowed the enumeration of this chromosome in nuclei. We have already reported that the reconstructed 3-D images revealed that the centromere of chromosome 6 was localized close to the nuclear membrana in interphase nuclei (Matsuta et al., 1393) . It was also suggested by CLSM that chromosome 1 centromeres arc found dose to the nudear membrane in a normal lymphocytic nucleus (van Dekken et al., 19901) .
Although by CLSM the lq12 regions of chromosome 1 were measured and believed to be closely associated with the nuclear envelope in isolated nuclei of unstimulated diploid human lymphocyte, their relative positions in the periphery ofthese spherical nuclei could not be distingmhed from a random distribution pattern (van Dekken et al., 199Oa) . The centromeres were found to be localized near the nuclear boundary of blood cells, and this spatial pattern was tested against a random distribution model by means of the Kolmogorov-Smimov test. The di&rence between the m patterns was at a significance level of p<O.Ol (van Dekken et al., 1990b) .
In this study we observed the flow-sorted nuclei from Go+ I-, s-, and G2 + M-phase fractions after FISH procedure with the centromeric probe by CLSM and reconstructed 3-D images of the nuclei.
We expected that the 3-D locational differences of chromosome 17 would be dependent on each cell cycle phase in the clinical materials. Statistically, our data revealed a significant deviation from a random distribution in all phase fractions. The centromeric copies were observed in the periphery of the nuclei in GO+ 1-and S-phase nuclei, and some copies made contact with a nuclear membrane. In other words, a larger proportion of the centromeres were located at the nuclear periphery than would be expected in the case of a random distribution of centromeres. It was also suggested that centromeres of chromosome 11 were not randomly distributed in a shell underlying the nuclear membrane of phytohemagglutininstimulated human lymphocytes in GI-phase (Hulspas et al., 1994) . Although the copies of S-phase cells showed an increasing bias towards a more interior position, there was no different distribution between the Go + 1-phase and the S-phase. Almost all of the copies were distributed in the center of nuclei; however, a few of them were still distributed eccentrically in the nuclei of G2 + M-phase. We used proliferating cell-rich tissue from a hypertrophied tonsil, then observed Go+ I-, S-, and G2+~-phase nuclei, respectively.
Hence, it was revealed in this study that the positional difference of centromeric copies during cell cycle was three-dimensionally demonstrable. An interesting and important biological question is the chromosomal organization of the interphase nucleus. Although it was possible, using the FISH technique with chromosome-specific whole painting probes, to identify the two-dimensional appearance of chromosomes in interphase nuclei, the 3-D structure has not yet been clarified. CUM provides serial optical sections of FISH samples hybridized with a whole painting probe, and it enables us to understand the 3-D distribution and/or shape of chromosomes in nuclei. However, it was easier to observe the chromosomal organization in interphase nuclei by the reconstruction of 3-D images.
We also observed the flow-sorted nuclei of hypertrophied tonsil after hybridization with a chromosome 17 whole painting probe.
Human T-lymphocyte nuclei in the GI-phase of the cell cycle exhibit a distinctly nonrandom chromosome organization: centromeric regions of the 10 chromosomes examined are localized on the nuclear periphery, whereas telomeric domains are consistently localized within the interior 50% of the nuclear volume (Ferguson et al., 1992) . However, the use of a whole painting probe of the chromosome must be better than the use of two probes detecting two points of the chromosome to observe the whole image of the chromosome in nuclei. It was clear that the copies were distributed eccentrically in nuclei, and that their short and long arms were flat and distributed along the nuclear membrane of Go+i cells. The chromosome was also distributed in a similar pattern in S-phase nuclei. However, the copies assumed a solid shape and sometimes were separated farther form each other. On the other hand, the copies moved towards the center of the nuclei and their shapes were bush-like in G2-phase nuclei, which should be noted. Although it is well known that chromosomes come together to the center of nuclei and divide to donate their genetic information to another cell during the mitotic phase, their shapes in interphase nuclei were shown clearly under a fluorescent microscope by FISH (Gray et al., 1991) . It was revealed in the present study that chromosome 17 was located in the periphery of nuclei of Go+l, and it moved towards the center of the nuclei in Gz-phase cells with the changing of their shapes. Because chromosome 17 was distributed eccentricdly and the short and long arms were flat or solid along the nuclear membrane, it was suggested that the chromosome was distributed to achieve the maximal surface for obtaining materials for biological activities and/or for releasing RNA in Go+land S-phases. Progress should be made on measuring the chromosome volume and density, and accurate analysis may be possible in the near future.
